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Abstract

This paper addresses the formulation of hierarchical plate models as an op-
timal (in a clearly defined sense) numerical method which can be easily imple-
mented and is available in the code MSC/PROBE. Special emphasis is placed on
the optimal selection of the shear correction factors. It is shown that different
measures of accuracy lead to different optimal choices of these factors. The main
tool in the analysis is the Fourier transformation.

1. Introduction

The problem of plate modelling is a classical problem of mechanics. The principles
underlying the derivation of plate models can be divided into 3 broad groups.

a)

Physical derivation. Here assumptions of a geometrical nature are made a priori
in conjunction with additional assumptions involving certain stress components.
A typical example is the Kirchhoff hypothesis [26] which leads to the well known
biharmonic equation for the normal deflection of the plate. This approach has
been generalized in many papers and we refer here especially to [1, 2, 10, 17, 23,
24, 25, 30, 31, 34, 35, 37, 39, 40, 41, 44, 46, 49] and the references therein. The
idea of a shear correction factor was first introduced in the papers of this group.

Asymptotic Analysis. Here plate models are justified as the leading terms of an
asymptotic expansion of the three-dimensional solution with respect to the plate-
thickness. We refer here for example to [19], [20] and to [34],pp. 585-588, where a
historical account for this approach is given. Here the asymptotic methods were
mostly applied to the plate problem formulated as a differential equation rather
than to its variational form. Asymptotic methods, where a mixed variational
principle was used, appeared only recently [11]. See also [7], [33] for related ideas.

Numerical and Hierarchical Approach. Here we understand the modelling as ap-
proximate solution of the three dimensional problem (which is solved for example
by the finite element method). It is essential to use an approach which can be
easily implemented ( and which avoids in particular higher order equations) in the
framework of the h-p version of the finite element method and which has optimal
properties yielding the most accurate results when compared with the exact solu-
tion of the three dimensional problem. It has to be emphasized that various plate
models can significantly differ in the area where boundary layers and singularities
dominate the solution behaviour. Hence a flexible hierarchy is essential (and has
been implemented in the code MSC/PROBE). A posteriori error estimators and
adaptive approaches for the model selection within the hierarchy are vet to be
developed.
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In this paper we concentrate on the selection of the shear correction factor which
leads to the highest accuracy of the solution. We restrict ourselves to the case of an
infinite plate made of a homogeneous, isotropic material and use the Fourier transform
technique in our analysis. The problem of anisotropic and laminated plates will be
discussed elsewhere. In the second section we define the three dimensional problem
and the hierarchy of the models. The third section addresses the Fourier transform
of the solution for the three dimensional formulation as well as for the plate model
problem. In section four we analyze the errors of various models and give the optimal
shear factors. In section five we present numerical examples and in section six we sum
up our basic conclusions.

2. Hierarchical Plate Models

2.1. The Plate Problem

The plate problem is the boundary value problem of three dimensional, linear elasticity
for an isotropic material on the domain

O = {x = (1,72, 23) | (£1,22) € w, |73 £ d} =w x (~d, d) (2.1)

where w C R? is a bounded domain with a piecewise smooth boundary. Here w is
referred to as the midsurface and 2d as the thickness of the plate.

As usually, we denote by u = {u;}, ¢ = 1,2,3 the displacement vector. By ¢ =
{0i;}, 1,7 = 1,2,3 and e = {e;;}, i,j = 1,2,3 we denote the stress and strain tensor,
1 8u.~ au,-
— — + —_—
2 \0z; Oz
and strain can then be written in the form

respectively, with e;; = , 1,7 = 1,2,3. Hooke’s law relating the stress

—0’111 -/\+2;£ A A 0 0 01 -611 -1
0922 /\ /\ + 2[1 /\ 0 0 0 €22
033 | _ A A A+2u 0 0 0 €33 (2 2)
d12 - 0 0 0 14 00 2612 -
o3 0 0 0 0 4 O 2e13
| 023 | L 0 0 0 00 H 1L 2623 i —
or ?
o= Ae, A= {a}, aj;=aj, ij=1,...,6 (2.3) g
Here A is the material matrix, A, 4 are the Lamé constants, and —
vE r
'y

= a12 =413 = a4y

A=
(1+v)(1-2v) Distribution/

Avallability Codes




E(l —v)

A - = ——d = —
+ 2u T+ n(<2) @11 = @2 = dsa,
B= L =G = aq4q = ass = ags (2.4)
2(1+v) ’

and a@;;=0,4<:1<6, j=1,..6, ] #1.

Here E is Young’s modulus and v is the Poisson ratio.
We will focus on the classical plate bending problem where the normal tractions arc
prescribed on the upper and lower plate surface. For (z;,z;) € w we have

1
o33(r1, T2, 2d) = :i:§q(z1,:cz)
0a3(Z1,T2,2d) =0, a=1,2

—_
o
)

~—

where q(z1,z2) € La(w). The solution u is the minimizer of the total plate energyv
G2 ()

A 1.4 1 o

G () = 5EA () - / 50(2)(us(e1, 72,d) + us(e1, 22, ~d))dmadzs, (261

where

£A(u) = /ﬂ €T Aedz = |Jull}

is the strain energy, over a suitable space H(02?) C (H'(92?))® where H(Q?) characterizes
the boundary conditions on the lateral plate sides and H'(f2) denotes the usual Sobolev

space.
By

N? = {u | u = (a1,a2,a3) + (b1, b2, b3) x (z1,22,73), ai, b € R i=1,2,3} (2.7

we denote the set of rigid body motions. Now, if N;(m) = NP N H(O?) = 0 and
q € Ly(w), the quadratic functional G/'(u) has a unique minimizer. This follows fron:
Korn’s inequality (for an elementary proof of which we refer to [27]) and the standar
use of the Lax-Milgram lemma.

It is obvious that due to the symmetry of the problem, we can constrain the spacc
of solutions to be of the form

ul(xl,mz, z3) = “ul(zhz% —xs)
Uz(ml, 22,1'3) = _u2($l’x21 —3-'3) (2.3}
us(ml,xz,l's) = ua(Il,xz, —333)-

o
e
—

Relation (2.8) constraints the space H({?) accordingly and will be assumed everywhere
in what follows. In the case that N? N H(QP) = Mg, # @ we have to assume in
addition that

[(0,0,0)-RTdz =0 VR € Myan), (2.9,




then the minimizer of (2.6) exists and is unique modulo N5 q;).

For w = R? and 2, := w x (—d, d) the situation is slightly more complicated. In
this case we will assume that g(z1,z2) € Ly(R?), has compact support and satisfics
(2.9) for any R € A'?. Then the quadratic functional G} has a minimizer over H(7, )
where

H(O2,) = {ui € HL(O2), i =1,2,3 |/Q, eTAedz < 0o} (2.10)

The space H(Q2, ) is not a subspace of (H (£, ))? because the displacement components
u; € H(%,) are in general not square integrable. For more about the analysis of the
characteristics of spaces of the type H(2%,) and related questions we refer to [27]. The
minimizer of G} is unique modulo functions in A'? and once more we will constrain the
space H(%,) by (2.8).

We will also address the a = (a3, a;)-periodic plate problem on

P =wy x (—d,d), ws=(0<z<a;,i=12).

Here we will consider spaces of a-periodic functions in (z1, z2) with periods «; in z,, 2».
A function ¢(z1, z2, z3) is called a-periodic if ¢(z; + may, 2 + nas, z3) = ¢(z1, T2, 23)
for arbitrary integers m, n. We define

Hp(a) = {Ug € (H;(QZ))v 1= 1’2’3} (2.11)

where H1(Q?%) is the space of a-periodic functions in (z1,z2) and analogously we also
define L3 o(ws). The minimizer of g:a(u) is now defined by (2.6) with the integration
taken over 02 and wy,, respectively. The solution of the a-periodic plate problem is the
minimizer of G;\,(w) over H?(a). This minimizer exists if the ¢ satisfies (2.9) (wherc
the integral is now taken over w,) for all R € N7 N H(a) = N? and is unique modulo
N?. Once more the constraint (2.8) will be assumed here.

Together with the plate problem we will also consider its 2-dimensional counterpart
which we will refer to as the beam problem. Its formulation can be obtained formally
from that of the plate problem by the assumptions

Q(l'hl'z) = q(z1)
Bu,-

—=u; =0, :=1,3.

61'2

In this case we have

Q= {z = (z1,23) | |21] < L,|z3] £ d} = w x (~d,d) (2.12)




where w = I = (-L, L). The displacement vector is now u = (uy,u3), 0 = {oi;},
e = {ei;}, 1,7 = 1,3 and Hooke’s law is given by

o1 A <+ 2[1 /\ 0 €11
022 = A A + 2[1 0 = €33 (213)
033 0 0 ] 2e13
or
o = Ae. (2.14;
As before, for ¢ € Ly(I), u is the minimizer of the quadratic functional
1 1 -
gé‘l(“) = 5551(") - 5 | g(z1)(us(z1, d) + ua(z1, —d))dz, (2.13)

where £ (u) = fo» eTAedz = ||u||% over a suitable space H(%) C (H'(02%))? satisfying
the constraint (2.8) for u;, u3 which characterizes the boundary conditions on the lateral
sides. We denote as before by

N = {u(z,22) | u = (a1,a3) + b(z3, —21), a;,b € Ri = 1,3} (2.16)

the set of rigid body motions. Then if Vg g = N* NH(Q®) = 0, the solution exists
and is unique. Otherwise we have to assume that

~/I(0, q) * Rszl = 0 VR € N}b((nb) ( .

[§™
—
-1

In this case the minimizer exists and is unique modulo N,bi(m).
Ifw = R" and Q) = R x (~d, d) then we assume that ¢(z,) € L,(R) has compact
support and satisfies (2.17) for any R € A®. The minimizer of G{* over

ML) = {ui € (HL (%)), i =1,3| /Q e Aedz < oo} (2.13)

exists and is unique modulo A® as for the plate problem. We note that H(Q2%,) is not
a subspace of (H'(Q%))? because u;,i = 1,3 do not have to be square integrable on Q°.
Quite analogously as above we define the a-periodic beam problem. Here we set

W =w, x(~d,d), wo=(0<1z;<a)
and will consider the space of a periodic functions (in z;) on Q). We define as before
H(a) = {u; € HX(Q),i=1,3} (2.19)

where H1(Q2®) is the space of a-periodic functions in z, with the condition (2.8). Analo-
gously we define Ly o(wa). The functional G, (u) is defined by (2.15) where the integrals




are now taken over 2% and w,, respectively. Then the solution of the a-periodic beam
problem is the minimizer of Gi! (u) over H%(a). This minimizer exists if ¢ satisfies
(2. 17) (where the integral is to be taken over w,) for all R € N? N H*(a) = M? and it
is unique modulo A2.

Here and in what follows, we are using the super- and subscrlpts p and b to underline
that we have in mind the plate or beam problem, respectively. If no ambiguity could
occur, however, we shall simply omit these super- and subscripts.

2.2. Hierarchical Modelling of Plates and Beams

The fact that a parameter d which is small with respect to the diameter of w suggests
to replace the three-dimensional plate problem by a simpler, two-dimensional plate
model. Since every plate model is only an approximation of the three-dimensional plate
problem our goal is to construct a hierarchy of plate models (of increasing complexity)
that are capable of approximating the solution of the three-dimensional plate problem
for any fixed thickness d arbitrarily closely.

To this end we first introduce the notion of the n-model.

Definition 2.1 Letn = (n;),t = 1,2,3 be a vector of nonnegative integers and B(n) =
{bi;} be a (Hooke’s) matriz of the type (2.2) which is assumed to be symmetric and
positive definite and in general B(n) # A. Then we denote by Bu™(z) the solution of the
n-plate model which is the unique minimizer ofgf(u) over the subspace H(n) C H(Q?)
of displacement fields of the form

B2(c) = 3 Usler, 2) (‘3") .

1=0
For the beam the definition is analogous.

Existence and uniqueness of the solution of the n-model are proved along the same
lines as for the exact solution. We can once more consider the bounded domain w or
the entire space R? for the plate (respectively R! for the beam).

Remark 2.1 The (material) matrix B used in the definition of the n-model may, and,
in fact must be at times different from the matrix A of the plate problem, as we shall
show below.

Remark 2.2 The approximation (2.20) is a classical one. The case n = (1,1,0) was
used for example in [10], [14], [40], n = (1,1,2) in [17], [49], n = (2,2,2) in [35] and
n = (3,3,2) in {31, 41]. In addition these forms have been used when a relation between
Ui; (by differentiation) is imposed a priori, as e.g. in [46]. Many different approaches to
derive the differential equations describing the model were suggested. We refer here tor
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example to [1, 2, 23, 24, 25, 30, 34, 37, 44]. The form (2.20) was also used in conjunction
with various variational principles (direct or complementary) and additional heuristic
ideas to obtain the differential equations describing the model. The exact solution to
the three-dimensional plate problem and the error estimation have not been considered
in these papers.

For the asymptotic error analysis called “justification” of various models we refer
to [11, 12, 14, 15] and for an assessment and classification of various approaches as
well as for additional references, see for example [12], and (7, 8, 33, 34]. The main
question here is the analysis of the difference between the solution of the model and
three dimensional solution as d — 0. In these papers mainly the two sided estimates
based on direct and complementary variational principles are used.

In the papers [9, 10, 16, 23, 24, 25, 30, 35, 36, 39, 49, 50] the form (2.20) is also
suggested for laminated plates. In this context the following question arises:

Is the form (2.20) a heuristic one or can it be rigorously justified?

In the case of homogenous, isotropic material it was shown in [45] that (2.20) is not
optimal for d > 0 and that a smaller error with respect to the three dimensional
solution can be obtained with a model of the same complexity. Nevertheless, (2.20) is
asymptotically optimal as d — 0. For laminated plates, however, (2.20) is neither for
d > 0 nor in any asymptotic sense optimal. An optimal form exists when the shape
functions in z3 belong to the kernel of a differential operator intrinsic to the problem.
as has been shown in [47], [48]. For a concrete example of the hierarchical modelling
of laminated plates along these lines we refer to {6].

Our approach uses the minimization of the total energy, i.e. the approximate solu-
tion is a projection. The merit of this method lies in that it can be very naturally and
efficiently implemented within the frame work of the h-p version of the finite element
method which is available in the code MSC/PROBE. Hence the hierarchical modelling
has to be understood as a numerical method for the solution of the original 3 dimen-
sional problem with its singularities and boundary layers. The a-priori and a-posteriori
error estimation as well as the adaptive model selection are essential here.

Since we consider only the problem of pure bending, the exact solution u? of the
plate problem satisfies (2.18). Correspondingly, we may set in (2.20)

Usj =(21,22) =0 for jeven,a=1,2, (

) 2.21)
Usj(z1,22) =0 for j odd.

Since Bi®(z) is only an approximation to the solution uP(z) of the plate problem.
we will judge the accuracy of the n-model by the relative error in a quantity of interest
when a load ¢ € P is given. Here P is a suitable class of loads which will be specified
later.




For example, if we are interested in the error in energy, we define

(2.22)

/2
(1€A™ - e
d =
where £4(u?) resp EB(HuPR) is the strain energy of u? respectively of 4", Here P
could be the class of loads with compact support which satisfy (2.9). Then (2.22) is
obviously well defined for any ¢ € P.
Alternatively to (2.22), we can also consider the measure

|EA(RPR) — EAwR)] )/ -
= 2.23
E(d,n,q) ( 23 (2.23)
where BiP® could be a “postprocessed” solution constructed from &:7".
For example we may be interested in
1/2
(fm (ug(:z:l,:vg, 0) _Bup.n(zl, z,, 0))2 d:v;dxg)
E(d.n,q) = (2.24)

(Jre (uh(z1, 22, 0))2dz,dz,)'/?

where the class of loads P is such that for a proper selection of the rigid body motion
the numerator and the denominator are well defined for every ¢ € P. We remark that
the error measure in (2.22) - (2.24) are relative errors. They are natural in that in their
analysis no assumptions on a scaling of the data ¢ has to be made a priori. We will
show below, however, that the accuracy of the model can be measured by analyzing
only the numerator in (2.22) - (2.24).

Let us now define precisely what we mean by hierarchical models and give the
framework in which we analyze the above error measures.

Definition 2.2 A sequence of n-models is hierarchical with respect to the measure E
and the class P of loads q if

(H1) (asymptotic ezactness) for all ¢ € P, E(d,n,q) = 0 as d — 0 for all n.

(H2) if P is such that the ezact solution u® is sufficiently smooth uniformly with respect
to d then

E(d,n,q) < C(n)d®™, B(m) > B(n) for m;>n;,i=123.
The ezponent B(n) will be called rate of convergence.

(H3) For any q € P and any fixed d > 0 there holds E(d,n,q) — 0 as min{n,;} — oc.
1<:1<3.
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(H4) The plate model is mo-iotonically hierarchical if for sufficiently large n and n; >
ni, t=1,2,3, E(d,m,q) < E(d,n,q).

For the beam problem the definition is analogous.

Remark 2.3 It is clear that in our approach not only the solution of the plate models.
but also the modciling itself (i.e. the selection of a particular model from the hierarchy)
could be done numerically. This is in contrast to the approaches proposed in the
references in Remark 2.2.

The following Theorem establishes the important properties (H3) and (H4) for our
hierarchical models.

Theorem 2.1 Let the n-model be as in Definition 2.1 with B(n) = A for all n. Then
for the measures (2.22) or (2.23) and for 4P® =AuP® the conditions (H3) and (H4)
hold.

Proof: “4P® is merely the energy projection of u? onto H(n). This ir..plies (H4) for

(2.21). The density of the polynomials in H*(—d,d), k = 1,2 yields (H3) for (2.22).
Realizing that for 4P® =4uP® we have |E4(4PR) — E4(uP)| = E4(AP2 —wP), and (H3)
and (H4) for the measure (2.23) follow. O

Remark 2.4 It is essential here that we formulate our models as energy projections
and not in the form of asymptotic expansions which cease to make any sense if the
three dimensional solution is not smooth. This, however, happens frequently because
of the corners and edges that are typically present and because of the boundary layers
in the three dimensional solution. In this situation many models as e.g. some of those
in [2] are not usable.

We emphasize here that the hierarchical approach allows to employ simultaneously
models of different order n from the hierarchy in different parts of the plate. In par-
ticular in a neighborhood of the boundary of w higher order models (in our sense) are
essential, because among other things boundary layers are different for different models.
see e.g. [4], [5].

Theorem 2.1 insures the desirable properties (H3) and (H4) for the n-models and
the measures (2.22), (2.23). Obviously these properties hold only for large n and the
proof sheds no light on the properties of the n-models for small n and d. In practice.
however, we are especially interested in these lowest members of the hierarchy. These
are in view of (2.20), (2.21) the (1,1,0)-, (1,1,2)- and the (3,3, 2)-model, respectively.
In the following sections we therefore analyze these models in detail and show that they
can be optimized in some sense.
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3. Fourier Transform Solution of the Plate and Beam Problem
and Their n-Models

3.1. The Fourier Transform of the Plate and Beam Problem

In Section 2 we defined the plate problem for w = R? and the beam problem for w = R!
as well as the corresponding a-periodic problems.

In this section we will further elaborate on these two problems using the Fourier
transformation as the main tool. Because we have to deal with functions which are
not integrable we will employ the theory of Fourier transform of generalized functions
(tempered distributions), see for example [18].

For any integrable function ¢(z), £ € R® we denote by

i0) = [ )=z Ee 3.1)

the Fourier transform of ¢(z). Then ¢(z) is defined by the inverse formula

=(2m)™ [ §(&)e=de. 3.2
a(z) = (2m)" [ q(e)e=edg (3:2)
If g(z) € Ly(R") then §(€) € L2(R") and Parseval’s formula
0 = (2x)"" 5 .
fovdo=0m [ ddd (3.3)
holds. .
2r 27 27
Ifg(z)isana={—,—,..., — iodic functi d
q(z) is a (51 A ﬁn> periodic function an
g(z) = (27) " Y cme= ™) (3.4)
where (mf] = (myB1,m20s,...,muB,), m = (my,ma,...,m,), m; an integer, then in
the sense of generalized functions
(&) =Y _ emb(€ + [m4)) (3.3)

where 6(£) is the Dirac distribution.
The inverse transformation is then given by formula (3.4) and for any r(z) =
(27)~" T, dm€¥™8] Parseval’s formula reads

/OQKW,._ grdz = (2x) " (BiB2... Ba) "' Y Cmdm. (3.6)

m
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If g(z) € Ly(R?) and has compact support then §(£) has all derivatives in a neigh-
bourhood of £ = 0 and the condition (2.9) reads

. a4 :
§(0) = a_g(o) =0 i=1,2 (3.7)
For the periodic problem condition (2.9) yields
§(0) = co = 0. (3.8)

Analogous results hold for the beam-problem.

In what follows we denote by @?(1,€;, 73), 7 = 1,2, 3, the partial Fourier transforms
of the displacement components with respect to (z;,z2) and in the case of a beam we
will write analogously @8(¢1,z3), with ¢ = 1,3.

Now using Parseval’s formula we have

Theorem 3.1 Let uP(z) resp ub(z) have finite strain energy. Then for the plate

&) = T Aed 3.9
5 (uF) /ng e' Aedr (3.9)
E 3 ) 1 .
- 21 +v) /mx(_d,d) {,.;Iv"‘i gy }d’”
. 2 E > 218 12 2
= (2n) 2(1+v) /mx(—d.d) {,; (IePlad? + 12iP)
1 e o ¥
-1-_—2;|2€1u1 + 6tz + U3]2} déd{,dz;.
Here |€[?> = €2 + £} and the prime indicates di‘ Further, for the beam
I3
) = (r) (&1l + lasP)
°  2(1 +v) JRix(=da) U 3
@[+ |85 + ol + agf} dé dzs. (3.10)
For the periodic case when writing
i = {c(z3)} (3.11)
we get for the plate
EA(uP / e’ Aedz 3.12
P ( ) {lzil<a;} x(~d.d) ( )
£ -2 f° > 2; (012 4 (02
= a7 L E X (1 + 1)

2
g el imald) 4+ 4}




where m = (m;,m3). For the beam we get analogously
E d
Ap by _ -1 2 { (1))2 (3))2
&) = @07 gy [, (W1 +1427)

1 ]
T limell) + cff:’)’|2} dzs

|1 + 1R +

_ where m is an integer.

Proof: The proof is straightforward. We note that all terms are square integrable
because we assumed that the strain energy is finite. a

Let us also note that if the strain energy is finite then u is not necessarily square
integrable on R? x (~—d,d) not only for the possible presence of rigid body motions.
Nevertheless all terms in the expressions for the strain energy are integrable.

Theorem 3.1 allows us to find the solution of the 3-dimensional formulation as well
as that of any n-model explicitly in Fourier-transformed form.

Using the Fourier transformation of generalized functions, we now write down so-
lution formulas for the beam and plate problems on the unbounded domain Q.. We
start with the beam problem where ¢ € R! because, as will be seen in Theorem 3.3,
the beam solution yields immediately the plate solution. It is not hard to prove:

Theorem 3.2

1. Let q(z1) € Lz(R') have compact support and assume that
o0 o0
/ q(:r)d:c:/ zq(z)dz = 0.
-00 -0

Then the Fourier transform of the beam solution u® = (ub,u}) introduced in Sec-

tion 2 is
=[] -[655 oo cem o
where
(€, 73) = g7 {sinh(ézs) [(v = 1) & + 8] — B cosh(ézs)a}  (3.14)
x(€,3) = 7 {cosh(€za) [(1 = v) § + 0] — 5 sinh(€za)a}
with H(ed
a(é,d) = cosh({o;:)o ssin(lf(f)d) —éd
and
b(e, d) = sinh(&d)

cosh(éd) sinh(éd) — &d°
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The solution is unique modulo the space of rigid body motions N°® which, under
Fourier transformation, becomes with the constraint (2.8)

A = {ab(él,xs) = (88(&, z3), 84(&1, 23)) | B8(&r, 23) = azab(&),

ﬁ3(£1,13) = _azgé + b5(£l)1 a, b € Rl}
96

where §(£1) is the Dirac distribution (in & ).

2. Let q(z) = e1%, £, € RY, & # 0. Then the 2w&5 " -periodic solution of the beam
problem is
b
s _ | wi(z,x3) | | Eo¥(€o,T3) | ireo 313
v= [Ubs(l’h-’fa) ] [X(Eo,zs) © (3.13)

and it is unique up to the rigid body motions

NPER = {(uhuS) | u; =0,u3 =a,a € Rl}.

Remark 3.1 In the special case of periodic solutions considered in Theorem 3.1 we
did not write the solution u® in its Fourier transformed form. Using the Fourier trans-
formation, (3.15) can also be written in the form (3.13) with

§(§) = 2mé(§ + &o).-

Remark 3.2 The distributions @,, 43 are in general not integrable since they have
a singularity at the origin. Nevertheless it is easy to see that their strain energy in
Theorem 3.1 is finite and hence the solution expressed by (3.13) is the Fourier transform
of the unique (up to rigid body motions) solution introduced in Section 2. For more
details see [45].

Remark 3.3 In Theorem 3.2 we have assumed a very special periodic load ¢q. It is
clear that we could represent a general periodic load by superposition.

So far we have dealt only with the beam problem. Now we will show that the
Fourier solution formulas for the beam and plate problems are essentially the same.
More precisely, we have

Theorem 3.3

1. Let q(zy, ;) € Ly(R?) have compact support and satisfy (2.9). Then the Fourier
transformation of the solution uP of the plate problem is

&E19(1€], x3)
4P (&1, &2, 23) = V21§(61, &) | E20(J€], z3) (3.16)
x(1€], z3)
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where 1, x are as in Theorem 3.2 and the space of rigid body motions is now
given by

NP = {u= (ui(&, 2, 23), uals, €2, 73), us(é, €2, 73)) |
dé
uy = a1236(&1,€2), uz = c2z36(&1, €2),us = b6(£1,&2) — Cli% - Czifa—é:}

2. For q(z) = e'®1610+72820) £, (L0, €50 # 0 we have

uj (€1, €2, 23) E1.09((E25 + €3 0)1/2, 23)) '
wb = | ud(ér,6,23) | = V21 E20¥((€2 5+ €20)1/2, 23)) | - el(T1é10+72820)
u3(£1, €2, 73) X((E0 +€30)'/%, z3))
(3.17)
and

N? = {u(&,&2,73) = (w1, U, u3) | uy = 0,us = 0,u3 =a,a € R'}.

Proof: First we observe that the functions ¥ and x given in (3.14) are even in £ and
hence the expressions ¥(|€{, z3), x(|¢|, z3) have a natural meaning. Let us now consider
the expression for the strain energy of the plate given in (3.9). Upon the substitution

iy _ ﬁ & & 0y
[ ,&2 } (61’62713) - lé.] [ 62 -El ] [ ,02 ] (51’62,1'3)

ﬁs(ﬁla &2, $3) = \/‘5133(51, €2, $3)

we get
E
A — -1 201512 4 1512 S112 4 [Ar]2
Ew) = M)y [ PR+ 165 + I+ 15
1 qoapa ,
+1_?2_U |z[§|v1 + 'l)3|2 df]dfgdl‘;;
+(2m)~! (€1*16217 + 1851%)dé:dzdzs.

2(1 + v) JrRex(~d.d)

Comparing this with (3.10) and since G{*(u) is given by (2.6), we get v, = 0 and obtain
from Theorem 3.2

by _ 1§19 (€], z3)
[ s ] (Els£2,13) = q(flv€2) [ X(lflvxii) ] .




Hence we have

i3 €l [ & =&

and this implies the statement of the theorem. _
In the case of the periodic problem, i.e. for a load of the form g = e'(=181+7282) we
utilize the fact that ¢ is the Dirac distribution. o

o= 6 &)

In what follows we will assume that 4* and 4P are given by (3.13), (3.14), (3.15),
(3.16), (3.17), i.e. we are fixing the rigid body motion.

3.2. The Fourier Transformation of the Solution of n-models

As we pointed out in Section 2, our main interest will focus on the lowest models of
the hierarchy. Because the same relation between the Fourier transformation of the
beam and plate problem holds also for the n-models, we will only address in detail the

expression for the beam model.
For the (1,1,0) model we use B = B(19) = B(\, u;, k) where

[ /\1 + 2#1 Al /\1 0 0 0 )
/\1 /\1 + 2,11,1 /\] 0 0 0
_ A] /\1 /\1 + 2#1 0 0 0 )
B(/\l,,ul,li)— 0 0 0 i 0 0 (3.15,
0 0 0 0 xuy O
0 0 0 0 0 &u |
with (see (2.2), (2.4))
Ell/l El
A= , = —— 3.19
! (1+I/1)(1—2V1) # 2(1+V1) ( )
v _ E(1+2v) 5
v = 1 + V’ El - (1 + l/)2 (3"'0)

and «k > 0 is arbitrary.

For the n-models n = (n;,nz,n3) withn > 1,n; > 1, n3 > 2 weuse B® = B(\, p. &)
where A, p are given by (2.4) and « > 0 is again a free parameter, the so-called shear
correction factor. Now we have the following representations of the solution.

Theorem 3.4 For every n and B® as defined above, there ezist functions

Bd)n(fv 33)18 Xn(fa IS)

so that the solution Bu® of the n-model admits the representation (3.16),(3.17). In
particular, we have
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1. for the (1,0) model
3i(1 —v)

(1,0) - —
B¢, 23) = 1GTe (3.22)
and 1 131 2
B¢ z,) = ZE{ (@;41/) N mﬁz}, (3.23)
2. for the (1,2) model
(1.2) _ 34 30(1 —v) + dP€]*(x — 100 — 2kv)

Vo) =~ mos ani - o 0%

%(“'2)(5 z3) = 3 30x(1 — v) + d?€|%(20 + k? - 5xv — 26%0) — d*s(1 — v)|€)?

4G k(30 + d2k(1 — v)[€]?)|€]*
2 15 3v+d*(v—1)j¢?
G (v ~ VPP = 0[P

3. for the (3,2) model, as || — 0,
B¢, ) = 3i {(1 -v (24 3xu)d2) 2y — 2 — L O(d)} (3.26)

(3.25)

4G £ 10x¢2 6ké?
3 l—v (8-3kv)d? l1-v v
‘3.,(32) = - — |

_d'(1 = v)(218%(1 = 2v) + (2 — K1)?)
525x2(1 — 2v)

} + O(d*€?),(3.27)

and, as [£| — oo,

1

(3.2) < C— 2
Proof: The formulas (3.22)—(3.28) are derived exactly in the same way as the formulae
(3.14), (3.15). o

Let us remark at this point that the functions ¥ and x are meromorphic in £ in a
neighborhood of ¢ = 0.

The main idea is now to analyze the error of the n-model in the Fourier transform
variables. We note that the matrix B® is defined differently for n; = 0 and n; > 2.
In both cases we included the shear factor x and will analyze its optimal value which
leads to the minimal error when the solution of the n-model is compared with the three-
dimensional solution. We could also determine all the coefficients in B® by the same
principle. This, however, will lead, for the materials considered here, to our matrices
B with & being the only free parameter.
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Remark 3.4 The introduction of the shear factor is a very old idea. It was introduced
for the dynamic plate problem as well as for the static one. In [2, 40, 46] the shear
factor k = 5/6 is recommended. In [21, 32, 51} a value for the shear factor is obtained
so that the velocity of short surface waves is modelled accurately. In {13, 16] the shear
factor is designed so that an accurate solution will be obtained for a cantilever beam
with a given cross section. Various other shear factors were suggested for laminated
plates, e.g. [10, 35, 49, 50]. In [36], an adaptive construction for the shear factor is
proposed. All these suggestions are ad hoc. For the (1,1,0) model [28, 29, 38] analyze
the optimal selection of the shear factor in connection with nonhomogenous lateral
boundary conditions and ¢ = 0 (the so-called Saint-Venant problem for plates) and
show that for a particular value of k the energy error is asymptotically of higher order.

In contrast to these derivations we will present in the next section an approach
which leads to uniquely determined special values of the shear factor which in turn
give a higher asymptotic rate of convergence for the data of intent in the plate bending
problem.

4. Error Analysis and Optimal Shear Factors for the Hierar-
chical Models

The Fourier transformation allows us to analyze the performance of the n-models with
respect to various measures of interest. In this section we will address some of them.
4.1. The Load Spaces and the Basic Performance Measures*

In Section 2.2 we have introduced the accuracy measure relatively to a set of loads 7.
Let us now define a specific set P = B, of loads g{z1,z2) for the plate problem and
g(z,) for the beam problem. Let for ¢t > 1, I > 0 integers and s € R!,

B, = {ala(@)=0, for |z| > K, [(1+IeP)yId(©)dE < 1,

(D%§)(0) =0, a = (a1,22), 0 € oy, a; integers o + a2 = |a},|a] < ¢,
/|<|<1 €]72+20-91G2de = A; > 0,7 = 0,1,...,1}.

We note that from the basic properties of the Fourier transformation of distributions
with compact support we have for |{] < 1, |a] < s that

1/2
(D' < Clays) ([ 11 +Pyee) (41)

and hence, because t > 1, we obtain

[ JEI7 Dl < oc.
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The space Bf's is a space of generalized functions (distributions), based on which we
introduce now the basic performance measures E corresponding to the data of interest
Q. Obviously we could introduce many others. We have

a) The energy error performance measure.

| (x(1€1, ) =Bx(le], d))lgl2de] "
Eg(B,n,q) = (4.2)
s e Xl d)1a2dE
b) The midsurface deflection measure.
[Jre 1x(11, 0) —Bx™(1¢], ) Flq12de] "
Emip(B,n,q) = . (4.3
e Ui Ix(1€], O)FIgf2de] 7 ’
c) The average deflection measure.
Let
. 1 e,
U3av(§) = 2d J_q u3(€, z3)dz3
and |
%‘;Av(f) = ‘22/_4 iy (€, z3)dzs.
Then 2
2 _B.n 215 2d
Exy(B.m.q) < JE Do (€D =Py (eDPIa el -

| fre |XAV(|§|)|2|q‘|2d€|1/2

The following theorem shows that in order to analyze the energy performance measure
asymptotically as d — 0 we need only consider the numerator of (4.2).

Theorem 4.1 Let q € B{.,, s>-1/2,1>0,0<d<dy<1. Then

[ xtiel dlard 2 ca? (45)

where C > 0 is independent of d.

Proof: First we observe that it follows from (3.14) that for |{|d > 1
1

Ix(i€l, )l < C ]
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with C; independent of d. Further we have for all |¢|d <1
x(6,d) = aod™3JE|™ + R(E,d) where [|R(§,d)| < Cod™'E]72 (4.7)

and C; is independent of d and ag # 0. Now we write

dlild = |
/R? x (€], d)14[*d¢ /|61d21+/|€'51+/m>l'md<l

and consider the three terms separately. Using (4.6) we get for s > —1/2 that

[ xUe a1+ 1y + 1512)’|q*|2de|
[€1d21
<C.

212
J o, X0 DI del <

< sup |x(lEld)(1+1EP)
1€lgld>1

Further
~12 _ -3 —41 412 .2
/mx(lél,d)lql dé = aod /15151 1€]7*1412d¢ + /mg R(¢,d)|g|*de.

As g € B}, we have
aod™® [ 1617141 = aod 4o
€11

and

| [ R dlapde| <d'c.
1g1<1

Hence for d < dy we get
/ = aod~3(Ao + O(d?)).
[€1<1

Finally

DN dg = aod™? ~4jgPdg + R(¢, d)|Pd
/lelzl,lelng(IE' )1gI°d€ = ao |£|21.1e1451|£| G1PdE+ | s T )|g1*dé

where
ad® [ €4 112d€ = aod~%p, p >0
€1>21,[¢ld<1

and

ca [ L (14 16P) (1 + €2y glde

I>1.lele<a [€]2

Cd1.

R ’d “2d
/I»Elzl,leldg (&, d)|§|°d¢

IA

IA




Hence collecting all the terms we get for 0 < d < d
| xUel, d)de] 2 laold~*(1 + O(a?)
which yields (4.5). O

In what follows we will also need the behaviour of x,xav for large |£|. We have

Theorem 4.2

1. For|¢ld 2 1,
C
< — 3
X (D] < g (+3)
Ix(1¢1,0){ < E%T%)_—l, m >0 arbitrary. (4.9)
2. For[¢ld <1,
xav(€,d) = aod™*|€]™* + R(.d) (4.10)
where
|R| < Cd™E]%, a0 # 0,
and

x(1€],0) = aod3¢|~* + R, (4.11)
|R| < Cd™€|7%, 80 # 0.

Proof: (4.9) and (4.11) follow directly from (3.14).
By an easy calculation we obtain from (3.14) also that

1 4
xavr(®) = 55 [ x(&aa)dzs
1(3-2v)(1 - ettd) + 4¢ded
G 4£%d(1 — eéd) 4 16£3d2e%d
from which (4.10) and (4.11) follow. a

Now we can prove along the lines of Theorem 4.1 the following result for \ .4 and

x(&,0).
Theorem 4.3 Let g € B;‘,'s, 1>20,s>=-2and0<d<dy<!l. Then

[ xav(@)Plade = ca, (4.13)

and for every real s we have

[Ixte,0Plald 2 C(s)ds, (4.14)
where C > 0 is independent of d.
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Theorems 4.1 and 4.3 allow us to analyze only the numerators in (4.2), (4.3) and
(4.4) in order to prove the conditions (H1) and (H2) in Definition 2.2. Since the analysis
of all error measures proceeds along similar lines, we present it here only for (4.2) in
detail and elaborate briefly on (4.3), (4.4). The following theorem shows that the
asymptotic behaviour of the modelling error for the n-model is completely governed by
the behaviour of &™(¢,d) near |£| = 0, provided the data is sufficiently smooth.

Theorem 4.4 Assume that for |£|d < 1 and every integer k > 0

k
x([€],d) =Y~ a;[€7**¥d™3*% + Ry (1.15)
=0
with
IRkl < Cd'3+2(k+1)|€|_4+2(k+1) (4.16)
and analogously that
k
Bn(lel,d) = 3 B2jg|m+Hd=%*% +BRY (4.17)
Jj=0
with
IBRZ}I < Cd-3+2k+D) g -t 2(krt), (4.18)

In addition assume that for |£|d > 1

x(6.d) ~2xP(6,d)] < Crg (4.19)
where C is independent of d. Let further
j* = min{e; #%}} (4.20)
where the minimum is taken over all nonnegative integers.
Then for q € Bi,, s > —1/2, 1 > j* we get that
lim Ee(B,n,q)d?=C, 0<C<oo for B=min{s+2,;"}. (4.21)

Proof: Using Theorem 4.1 we have to prove that

z = |[ (el 0 ~B(el alarde
= Cd¥" 3(1+o(1>)




[B]
[

as d — 0. To this end we w:ite as in the proof of Theorem 4.1

Z = / + / + / .
[€]d>1 [€1<1,[€1d>1 €i>1,l¢l1

Now using (4.19) we get for s > —1/2
_s 1
1 [ (b d) =Px"(lel d)lditde < sup COL+ e o
{le>1 [€],jeld>1 1€
< Cd23+1.
Further,
B _n\ j-3+2;°
= (aj0 —"a’)d™"7 A;e + R
/msmendg (¢ ~"a3?) 7
where |R| < Cd-3*+2U"+1) and finally
= (a0 —=Ba®)d*¥" 4+ R ‘
/lclzl,lsldSI (a0 =7a)d i
where |R] < Cd~3+%5"+1) and therefore (4.21) is proven. m)

Analogously we can prove

Theorem 4.5 Suppose that for xav(€]), Bxy (1€}, x(€1,0) and Bx™(€],0) we have
ezpansions analogous to (4.15)-(4.18) for |(|d < 1 and that for |€|ld > 1 there holds

C

-5 < — 29
xav (i) =2 x5y (lEN)] < T (4.22)
B . .n c o
Ix(1€1,0) =& x(1¢],0)] < T (4.23)
Then, if ¢ € By, with s > =2 and | > 2j* — 2, we have
‘liirré Esv(B,n,q)d?=C 0<C <oo, with 3=min{s+4,2j}. (4.24)

Here j* is defined as in (4.20). For the error measure Epgyp defined in (4.3) the same
bound as in (4.24) holds.

The proof Theorem 4.5 is analogous to that of Theorem 4.4 and uses Theorem 4.2.
From Theorems 4.4 and 4.5 we see in particular that the n-model is asymptotically
exact only if 7* > 1.




4.2. Asymptotic Analysis for n-Models

We shall now apply theorems 4.3 and 4.4 to the analysis of the n-mrodels and, in
particular, to the determination of the optimal shear correction factors «.

4.2.1. The Reissner - Mindlin — (1,1,0) Model
We have from Theorem 3.2 that for |¢|d < 1

_ 31 =-v vzl 3(8 —-3v) 4 o
xiéhzs) = 1g ( EFE ~ 2eEA T I0ERd (4:35)
(15T — 227)d* + (1050 — 630v)d?% — 175(1 + v)z} s
14008 + Ok
and
1 31 -v) 12-7v 11d(1 -v) 31012 ‘5
willeh = g (G + B+ B o). e

On the other hand using Theorem 3.4, we get for n = (1,1,0)

—v 2
B z5) = 7 {393154) T dlep } (4

By (4.7) and (4.27) we see that (4.19) is satisfied and furthermore, comparing (4.27)
with and (4.25), we find for the measure Eg that:
Ifqge B, forl>1ands>—1/2then

e
(]
-~1

. . — e 5
5= min{2, s + 2} Tf K = Kopt = 51—y) . (4.28)
1 if & # Kopt

For the measure Eyp we obtain with Theorem 4.5 in the same fashion:
Ifge B}, for 1 >2and s > —2 then
. . 20
3= mm{4,s -+ 4} lf K = Kopt = 33_a;) . (4.29)
2 if & # Kope

For the measure Epy we get:
IfgeBi, | >2and s> -2, then

10

a_ min{4,s + 4} if x = Kopt = 3.7
p= { 2 if & # Kope ' (4:30)
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Let us comment on these results. We see that the optimal value of x depends on
the goal of the plate modelling. For v = 0 we get in all cases that k., = 3/6 i.e.
the classical value proposed for example in {2, 40, 46]. Secondly, for data ¢ which is
not sufficiently smooth (or equivalently, for the case when the solution of the three-
dimensional problem lacks regularity), i.e. when s is small, nothing can be gained by
the above choices of k. We will analyze this case seperately below. Finally we remark
that for the choice B = A the (1,1,0) model is not asymptotically exact, i.e. the use of
the modified material matrix B(**9 in (3.18) is necessary for the asympt ~tic exactness
of the (1,1,0) model.

4.2.2. The (1,1,2) Model

From (3.26), (3.27) and (4.26) we find estimates which are identical to (4.23)-(4.30)
provided that the optimal shear correction factor is given by

12 -2y 2002
Kopt = " {—l+\F+m}, v #0. (4.31)

We point out that unlike for the (1,1,0)-model here ko is the same for all three
accuracy measures used. In Table 1 we report the optimal shear correction factor for
various values of v.

Table 1 The values of k,p, for the (1,1,2) model.

v Kopt

0 |5/6
0.25 | 0.867_
0.30 | 0.874
0.40 | 0.887
0.50 | 0.899

For other values of the Poisson ratio v it could be easily computed from (4.31).

Remark 4.1 For x = 1 the measure Eg is also the relative error in the energy norm.
For ¥ # 1 the error in the energy norm has to be computed separately and we shall
not elaborate on it here.

4.2.3. The (3,3,2) Model

Reasoning as for the (1,1,2) model we obtain now that




[{V]
1)

For the error measure Eg: If ¢ € Bj , with s > —1/2 and [ > 2, then

_f min{2,s+2} if k= kop =1, ' 2o

For the error measures E4y and Epp we find: If ¢ € Bé', with s > =2 and [ > 2, then

3= min{4,s +4} if kK = kope = 1,
12 if £ # Kopt

Consequently, for sufficiently smooth loads ¢, the introduction of shear correction
factors & # 1 into the n-models with n > (3,3,2) componentwise will always decrease
the rate of convergence and hence the choice B® = A is optimal in these cases. We
further see that the rate of convergence § achieved by the (3,3,2) model is the same
as for the (1,1,0) model with k.. For sufficiently large s we get a higher rate of
convergence only by using the (3,3,4) model. Then we can replace 2 and 4 in the
expressions for 3 by 3 and 6, respectively (see [45]).

4.3. The Error Analysis for Unsmooth Loads

In the previous sections we analyzed the behaviour of the plate modelling error as
d — 0 for a class of loads q. We have seen that the accuracy of the n model was in this
case governed by the behaviour of the functions ¥ and yx for small £.

Furthermore, the smoothness of the load g in the class B, ; was characterized by the
parameter s which in turn characterized the decay of |§| as |§] — oo. In the proof of
Theorem 4.3 and Theorem 4.5 the minimal allowable s was governed by the decay of
(x =Bx®)(€) for large £. Therefore we could be interested in the selection of the shear
correction factor, for which this decay will be maximal.

Theorem 4.6 Consider the (1,1,0) model. Then we have for |{|d > 1 that

C 2
‘XAV(&) _BYI,:V(f) S |§]4d3 f07' K= -3———2—1/ = Kopt (433)
B (6)] < : 1.34

where C, Cy, C; are positive constants which are independent of d.

4

Proof: Using (4.12) and (4.27), it is easy to show that there exist C.C; > 0 so that

1/3-2
< lxav(é) - Xxv(f) -5 ( 5 - - ) } Ifl“‘d:‘

&

Ifl‘d3
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from which (4.33) and (4.34) follow. a

This theorem can now be used to obtain optimal shear correction factors for the
error measure E4v and certain classes of data g. To this end let us assume that the
thickness d is fixed. Then, based on Theorem 4.6 we can construct a sequence of lcads
qr, k =1,2, ..., so that

[ DeavPlaelde < oo,

/R2 Ixav|®|del*dé = 00 as k— oo
with g € B} ,, where [ > 0 and —4 < s < —2 and for which

2

EAV(BJI,Qk) —0 for k= Kopt = m,

and

Esv(B,n,qi) & 0 for & # Kope.

In Table 2 we show the values kqpc from (4.30) for “smooth” ¢ and (4.33) for “un-
smooth” ¢ for the (1,1,0) - model and the error measure £ 4v.

Table 2 Comparison of xqp, of (4.30) and (4.33) for E4v and the (1, 1,0)-model.

v | (4.30) | (4.33)
0 |0.83 |067
0.25 | 0.0 | 0.80
0.30 | 1.01 | 0.3
040 | 1.09 | 0.91
0.50 [ 1.13 | 1.00

Table 2 shows that in the case of average displacement we take for less smooth ¢ the
smaller shear factor. We emphasize that this conclusion is valid only for the average
normal deflection measure E,y.

Remark 4.2 We point out that for the measures Eprp and Eg the optimal shear
correction factors s for the above sequence of loads must become large and positive
as £ — oo. This follows from a comparison of (4.27) and (3.14).

In section 3 we have introduced the periodic solution with the load ¢ = €'*¢, r =
(z1,72). In this case the solutions of the three dimensional problem and the n-model
have the same form in (z;, 7). Consequently, we can easily compute the shear factor
k as a function of [{|d which yields the same result for the exact and n-model solution
for the given quantity of interest, for example for the measure EFyy. The graphs of the
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Figure 1: Optimal shear correction factors for the (1,1,0) model (top) and the (1,1.2)
model (bottom) with periodic loads as functions of |€o]d.
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optimal shear correction factors for the (1,1,0) and (1,1,2) model are given in Figure
1. We note that in the limit |£o]d — 0 we obtain &, from (4.30), while for [£o|d — oo
we get Kop from (4.33).

In summary, we saw in this section that the shear correction factor for any n-model
can be uniquely determined by some optimality requirement and we have analyzed some
of the possible choices for this requirement. We found that above a certain threshold of
the model order, the introduction of a shear correction factor into the plate model doces
not improve the asymptotic rate of convergence. For the homogeneous and isotropic
materials considered here only the (1,1,0) and the (1,1,2) models can be improved by
a judicious choice of x. In addition, the optimal shear correction factors also depend
on the regularity of the three-dimensional solution which is approximated by the plate
model. We point out that many error measures different from the one considered
here could be analyzed in the same fashion. It is interesting to note that for different
goals of the plate modelling as well as for different regularity properties of the three
dimensional solution different shear factors are recommendable. This also suggests that
in the neighborhood of the boundary different shear factors should be used than in the
interior since boundary layers or singularities of the three dimensional solution govern
the quality of the plate model there. We will also see this in the numerical experiments
in the following section.

5. Numerical Experiments

In the previous sections we obtained several optimal optimal values for the shear cor-
rection factor « for the infinite beam and plate problem and for different quantities Q
of interest.

For the problems in applications the domain is bounded. In this case the theoretical
convergence of the various models can be analyzed as in [7] where the model (1,1,0)
was addressed. Then also the solution is usually not smooth because, for example.
of various boundary layers caused by the incompatibility of the data and the lateral
boundary conditions, see e.g. [4, 5]. Hence we will now investigate the influence of ~
for the following model problem.

Consider a clamped beam of thickness 2d = 0.2 and length 2 with Youngs modulus
E = 1 and Poisson ratio v = 0.3 as in Figure 2 where the load ¢(z) is also defined.
Because of the obvious symmetry in the problem we do the computation for the half
beam only. First, as exact solution we will use the numerical solution by the h-p finite
clement method obtained with the program MSC/PROBE with high polynomial degrece
p = 8 and refined meshes near z; = 0.2, r; = 0.5 and z3 = +d. The relative error in
the energy norm was less than 1078 so that this solution could be considered as the
exact one.
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Figure 2: Scheme of the model problem

Then the n-model of the beam problem leads to a two point boundary value problem
for a system of ordinary differential equations. This boundary value problem was in
turn solved numerically to high accuracy by the method described in (3] and also its
solution could be taken as the exact solution. Ilence the difference between the two
solutions is the modelling error as discussed in the previous sections.

figure 3 shows the pointwise error in the average normal deflection for the (1,0)-
model. The curves correspond to (from above) x = 1.0, 0.938 (the theoretically optimal
value for the midsurface deflection from (4.29) 0.935, 0.87 (suggested in[13]) and « =
5/6 which was suggested in [2, 40, 46].
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Figure 3: Pointwise error in the average normal deflection for the (1,0)-model.

(1
(2)

k=1

x = 0.938 (optimal value (4.29) for the midfiber)
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(3) k = 0.935 (optimal numerical value)
(4) & =0.87 (Cowper [13)])
(5) x = 5/6 (Reissner [40])

Clearly the results obtained with x = 1 exhibit a large error which could be expected.
Surprisingly, however, the values proposed in [13] and [2, 40, 46] are not leading to
a smaller error, either. On the other hand, the value x = 0.935 which was found
numerically as an optimal value for the given case is very close to the value x = 0.933
which is, according to (4.29), optimal for the midsurface deflection. We point out that
& = 0.935 is not close to the value x = 1.01 in (4.30) respectively x = 0.83 in (4.33).
The optimal value is obviously in between. This effect is caused by the fact that the
solution in not smooth uniformly through the beam. Consequently, (4.33) suggests
the value x = 0.833 near z; = 0.5 and by (4.30) x = 1.01 elsewhere. Because of the
boundary layer we select therefore

x(z) = 1.01 + (0.833 — 1.01)e~"0(==0-3)% (5.1)

In Figure 4 we show the error of the (1,0)-model for the average (through the thickness)
normal deflection for the numerically optimal value x = 0.93 and for x(z) given by (5.1).
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Figure 4: Pointwise error in the average normal deflection for the (1.0)-model.

(N & = 0.935 (optimal numerical value)
(2) Kk = &k(z) as in (5.1)

We see that this z-dependent shear factor performs as well as the best constant value
for k.
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So far we addressed the (1,0)-model. In Figure 5 we show analogous results for
the (1,2)-model. We depict the error in the average normal deflection for the constant
shear correction factors k = 1.0, & = 0.874 from (4.31) and for the variable

k(z) = 0.874 + (0.833 — 0.874)e~"0l=-05)* (5.2)

with the value £ = 0.833 for the nonsmooth solution (see Figure 1). We see once more
the same effect as for the (1,0)-model.
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Figure 5: Pointwise error in the average normal deflection for the (1,2)-model.

(1) k=1
(2) k = 0.874 (optimal value (4.31))
(3) & = x(zx) (variable correction factor as in (5.2))

Remark 5.1 In practice we would select the shear factor piecewise constant over the
finite elements used to solve the beam/ plate problem approximately rather than a
function which depends smoothly on z.

Finally we show in Figure 6 that the value of &, given by (4.31) which is the same
for all criteria used is also in practice (i.e. for the bounded domain) very good for

various accuracy measures.
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Fig ..e 6: Error in various quantities in dependence on « for the (1,2) model.

(1) u§"*(0,0) — u3(0,0)
(2) Error in the average normal deflection at z; = 0

3)  u{"P(0,0.4) - u3(0,0.4)
(4) Energy of the (1,2) model - energy of the exact solution

6. Conclusion

We have presented the concept of hierarchical modelling as a numerical method for
the approximation of a three dimensional elasticity problem on a “thin” domain. This
method can be easily implemented in the context of the h-p version of the finite element
method (which is available in the code MSC/PROBE). The selection of the shear
correction factors was then based on an optimization of this method. The approach
that we have presented suggests concrete values for the shear correction factors, and we
found that the optimal choice depends on the aims of computation. We point out that
the optimal shear correction factors for the error measures considered here are identical
for the (1,1,2) model. In contrast, for the Reissner Mindlin (1, 1,0) model, the optimal
shear correction factors strongly depend on the error measures used. We further showed
that the optimal shear correction factor should also depend on the smoothness of the
solution and consequently have different values in the interior and in a vicinity of the
boundary of the plate.

In this context we also remark that the Reissner Mindlin and the (1, 1,2) model have
quite a different boundary layer behaviour on bounded domains [4],[5]. It is possible to
use different models from the hierarchy simultaneously in different parts of the plate,




33

for example, in a neighborhood of the boundary the (1,1,2) or a higher order model,
while in the interior the (1,1,0) model with the proper shear correction factor could
be used.

Although we presented here only an analysis of the isotropic case, we emphasize that
our approach can also be utilized for anisotropic and laminated materials (where the
approximation (2.20) will not be polynomial in 3 any more) as well as for the analysis
of problems other than the classical plate bending problem, and these generalizations
will be the subject of a forthcoming paper.
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